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Ecosystem engineers contribute to ecosystem functioning by regulating key environmental attributes,
such as habitat availability and sediment biogeochemistry. While autogenic engineers can increase
habitat complexity passively and provide physical protection to other species, allogenic engineers can
regulate sediment oxygenation and biogeochemistry through bioturbation and/or bioirrigation. Their
effects rely on the physical attributes of the engineer and/or its biogenic constructs, such as abundance
and/or size. The present study focused on tube aggregations of a sessile, tube-building polychaete that
engineers marine sediments, Lanice conchilega. Its tube aggregations modulate water ﬂow by dissipating
energy, inﬂuencing sedimentary processes and increasing particle retention. These effects can be
inﬂuenced by temporal ﬂuctuations in population demographic processes. Presently, we investigated the
relationship between population processes and ecosystem engineering through an in-situ survey (1.5
years) of L. conchilega aggregations at the sandy beach of Boulogne-sur-Mer (France). We (1) evaluated
temporal patterns in population structure, and (2) investigated how these are related to the ecosystem
engineering of L. conchilega on marine sediments. During our survey, we assessed tube density, de-
mographic structure, and sediment properties (surﬁcial chl-a, EPS, TOM, median and mode grain size,
sorting, and mud and water content) on a monthly basis for 12 intertidal aggregations. We found that the
population was mainly composed by short-lived (6e10 months), small-medium individuals. Mass
mortality severely reduced population density during winter. However the population persisted, likely
due to recruits from other populations, which are associated to short- and long-term population dy-
namics. Two periods of recruitment were identiﬁed: spring/summer and autumn. Population density
was highest during the spring recruitment and signiﬁcantly affected several environmental properties
(i.e. EPS, TOM, mode grain size, mud and water content), suggesting that demographic processes may be
responsible for periods of pronounced ecosystem engineering with densities of approx. 30 000 ind$m2.
© 2017 Elsevier Ltd. All rights reserved.1. Introduction
Living organisms interact with each other and with the envi-
ronment in various ways, modifying the biotic and abioticent of Biology, Marine Biology
ium.
lves).properties of their habitats, and modulating the availability of re-
sources to other species. Through these modiﬁcations, organisms
engineer ecosystems and condition the survival of other species in
otherwise unfavourable environments (Jones et al., 1994). Jones
et al. (1994) distinguished two classes of ecosystem engineers:
(1) autogenic engineers, consisting of organisms that cause change
through physical presence (e.g. coral reefs whose presence in-
creases habitat complexity - Wild et al., 2011), and (2) allogenic
engineers, which include organisms that modulate resources
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tion and maintenance impact sediment biogeochemistry -
Kristensen, 2008). The changes imposed by engineering organisms
may have extensive consequences to the environment. Their
presence and activities impact community species richness
(Romero et al., 2015) and functional biodiversity (Gutierrez and
Jones, 2006), as well as matter transport (Kristensen, 2008), sedi-
ment accretion/erosion patterns (Bouma et al., 2009), and sediment
composition (De Smet et al., 2015; Montserrat et al., 2009).
Ecosystem engineers can be short-lived (see Jones et al., 1994),
but little is known about how such a short population dynamics
cycle can affect the consequences of ecosystem engineering in the
surrounding habitat. The present work addresses this question
focusing on a marine species as a case study: the terebellid tube-
worm Lanice conchilega (Pallas, 1766). This sessile polychaete is a
particularly interesting model species as it is both an autogenic and
an allogenic ecosystem engineer (Braeckman et al., 2014) with a
relatively short life-span from 1 to 3 years (Beukema et al., 1978;
Ropert and Dauvin, 2000; Van Hoey et al., 2006b). It is ubiquitous
along European coasts (Van Hoey et al., 2008) and can inhabit an
extensive range of depths, from shallow intertidal down to bathy-
pelagic areas (1900m) (Hartmann-Schr€oder, 1996). Lanice con-
chilega forms biogenic tube aggregations that can be considered
reefs when densities are high and sand tubes are large (Rabaut
et al., 2009). These aggregates can occur in densities as high as
20 000 ind$m2 during recruitment (Buhr and Winter 1976) and
protrude up to 16 cm above the sediment surface (Rabaut et al.,
2009). Their presence can have extensive impacts on the
ecosystem (De Smet et al., 2015), and this feature has led to the
consideration of L. conchilega as a conservation target (Godet et al.,
2008).
Reef-like aggregations break water ﬂow and cause deceleration
of currents at the benthic-boundary layer (Friedrichs et al., 2000),
impacting sedimentary processes (Borsje et al., 2014). The attenu-
ated ﬂow facilitates larval settlement (Rabaut et al., 2009;
Volkenborn et al., 2008) and increases ﬁne-particle deposition
(De Smet et al., 2015), modulating local sediment composition
(Rabaut et al., 2007; Volkenborn et al., 2008). Lanice conchilega also
affects sediment biogeochemistry through tube ﬂushing
(Braeckman et al., 2010) as part of its allogenic engineering. The
autogenic engineering effect of L. conchilega is related to the size,
elevation and density of their biogenic concretions (Borsje et al.,
2014), distinguishing denser and taller aggregations composed of
adult tubeworms (which cause greater ﬂow deceleration) from
small, sparse aggregations containing mainly juveniles. Thus, ﬂuc-
tuations in population demographic compositionmay inﬂuence the
autogenic engineering effects of this tube dweller.
The life cycle of L. conchilega comprises two types of living,
planktonic and sessile (Kessler, 1963). Individuals spend the ﬁrst
fewmonths of life as planktonic larvae, but themajority of the cycle
is spent as a sessile organism on the benthic-boundary layer. Larvae
development occurs in the pelagic realm and may last approx. 2e3
months (Kessler, 1963), while the sessile stages e i.e. juvenile and
adult - vary from 1 to 3 years (e.g. Buhr and Winter 1976; Callaway
et al., 2010; Ropert and Dauvin, 2000; Van Hoey et al., 2006a).
Initially, individuals go through 3 planktonic stages of development
lasting approx. 5 days e prototrochophora, trochophora, and
metatrochophora-I (Kessler, 1963). This period culminates on the
appearance of metatrochophora-II larvae, a bipartite pelagic larvae
that settles for 1 day while building a rudimentary tube (Kessler,
1963). Following this period metatrochophora-II larvae meta-
morphose into aulophora larvae, the ﬁnal planktonic life stage of
L. conchilega (Kessler, 1963). Aulophora larvae remain in the water
column for 2 months, and then settle as juveniles that are
morphologically similar to adults (Kessler, 1963). Subsequently, thejuveniles mature into adults with tube size increasing as in-
dividuals mature (e.g. Van Hoey et al., 2006a). Previous research
using mimic tubes and modelling show that changes in tube di-
mensions as well as animal density can substantially impact the
outcome of autogenic engineering from polychaete aggregations
(e.g. Borsje et al., 2014; Eckman et al., 1981; Friedrichs et al., 2000;
Luckenbach, 1986). However, there is a lack of information on the
role of changing tube dimensions and density in-situ due to pop-
ulation dynamics.
In this study we investigated the relationship between Lanice
conchilega engineering effects and ontogenetic and demographic
population processes related to the (dis)appearance and growth of
cohorts in a sandy beach habitat. We therefore evaluated (1) the
temporal variation of population demographic structure and sec-
ondary production, and (2) spatial-temporal variations of
L. conchilega aggregation density and its relationship with local
sediment properties (e.g. mean and median grain size) at the
benthic-boundary layer.
2. Methods
2.1. Study area
The study area was located in the intertidal zone of a sandy
beach adjacent to the harbour of Boulogne-sur-mer in northern
France (henceforth referred to as Boulogne) (50.7345 N; 1.5881 E)
(Fig. 1). The area is characterized by soft sediment, predominantly
composed by ﬁne and medium sand (Rabaut et al., 2008), with a
semi-diurnal tidal regime ranging from 4 to 9 m (Jouanneau et al.,
2013) and an average sea level of 5.03 m (0.17 m SD). Two portions
of the sandy beach were selected for monitoring due to their well-
developed L. conchilega aggregations. The “lower zone” was located
north of the harbour wall by 250 m, and as near as possible to the
low water level at spring tide (LWST) while enabling sampling
during emersion periods (centroid: 400309.649152E,
5621211.02256N). The “higher zone” was approximately 0.5 m
higher in elevation, located 50 m northeast from the “lower zone”,
and included the upper limit of L. conchilega distribution at the site
(Fig. 1) (centroid: 400393.019426E, 5621273.01656N). The
approximate difference in exposure time between the two sites is
1 h. Both zones were sampled with the same frequencies during
LWST in order to evaluate possible differences in population
structure across the intertidal gradient.
2.2. In-situ surveys
Monthly surveys were carried out from June 2013 until
November 2014 on twelve L. conchilega aggregations distributed
equally between two areas of the intertidal zone (Fig. 1). The
location of each aggregationwas recorded using a dGPS system, and
used to estimate their distance to the LWST (meters) as a repre-
sentation of existing intertidal gradients, such as dryness/wetness
and exposure to wave action (Kaiser et al., 2005). Animal density
(ind$m2) was estimated with quadrat counts (0.1 m  0.1 m) of
fringed sand tubes according to Van Hoey et al. (2006b). Counts
could not be performed in the high zone during April 2014 due the
speed of the rising tide. Sediment samples (0e1 cm) were taken
with acrylic cores (3.6 cm F) to investigate dynamics in sediment
properties. Properties related to local biotic conditions included
chlorophyll-a content (mg$g1 sediment), extracellular polymeric
substances (EPS:mg glucose equivalents$mg1 sediment), and total
organic matter content (TOM: %). Whereas properties related to
local abiotic processes included water content (%), and gran-
ulometry analysis - median grain size (d50: mm), mode grain size
(mm), sediment sorting (dimensionless), and mud content (%<
Fig. 1. Map of the sandy beach in Boulogne depicting the lower zone and the higher zone at the study site, the port of Boulogne-sur-mer to the south, and the limits (dashed lines)
for low and high water spring tides (LWST and HWST respectively) approximated using satellite imagery. The present study surveyed twelve L. conchilega patches on the intertidal
zone, marked by numbers from 1 to 12.
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Sediment samples were homogenized prior to the analyses. Chl-
a content (mg$g1) wasmeasured as a proxy for microphytobenthos
(MPB) biomass through high performance liquid chromatography
(HPLC) (Wright and Jeffrey, 1997). Samples were extracted using
acetone (90%), sonicated, ﬁltered at 0.2 mm, and analysed on a high
resolution HPLC Gilson system with a C18 column. The water-
extractable fraction of EPS (mg$mg1) was measured as an indi-
cator of MPB activity (Lind et al., 1997) using a modiﬁcation of the
methods fromHubas et al. (2010). Samples were diluted in 400 ml of
distilled water, homogenized using a tube roller, and placed in a
warmwater bath at 30 C for 60 min. The solution was centrifuged
(4000 g at 21 C for 5 min), and sub-sampled for 200 ml of the
supernatant. The sub-samples were homogenized with 200 ml
phenol (5%) and 1 ml sulfuric acid (100%), and incubated for
30 min at room temperature. The amount of D-glucose equivalents
was measured with a spectrophotometer at 486 nm (Victor3 1420
Multilabel Counter from Perkin Elmer). Total organicmatter (%) was
estimated per sample as the difference between dry weight (48 h in
60 C) and ash weight (2 h at 500 C).
Median grain size (mm), mode grain size (mm), and mud content
(%< 63 mm) were obtained as a result of granulometry analysis
using a Malvern Mastersizer 2000 particle analyser (size range:
0.020 mme2000.000 mm), and sediment sorting was calculatedusing parameters of the granulometry analysis according to Inman
(1952). Water content (%) was estimated per sample as the differ-
ence between wet and dry weight following lyophilization. Addi-
tional monthly records were obtained for average air temperature
(Infoclimat.fr, 2016) and net primary production (NPP) in the water
column (O'Malley, 2015). These were used to complement the
environmental dataset and to determine seasonal ﬂuctuations. NPP
was interpolated for November 2013 using a natural spline as data
for this month was missing.
Finally, one large sample was taken per patch using an inox core
(12 cm F by 38 cm in height) to investigate the spatial-temporal
evolution of population demographic structure and secondary
production (i.e. the rate of production of L. conchilega biomass).
These samples were sieved in-situ through a 1 mm mesh, trans-
ported to the laboratory, and stored in 4% formaldehyde in sea
water solution buffered with lithium carbonate (Li2CO3) until
analysis. Lanice conchilega sand tubes were sorted manually after
staining with Rose Bengal from samples belonging to three patches
in the lower zone (1e3 in Fig. 1). Tubes with intact animals were
counted, the polychaetewormswere removed from their tubes, the
inner tube diameter (ITD) was measured with a conic shaped tool
graded from 0 mm to 6 mm (steps of 0.01 mm), and used to assess
secondary production and population cohorts.
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and secondary production
Temporal ﬂuctuations in population density and each of the
environmental properties were evaluated through statistical
modelling using non-parametric Wilcoxon signed-rank tests with
Bonferroni adjustment of p-values between pairs of successive
dates. Univariate distance-based linear models (DistLM) were
implemented using the PERMANOVA þ add-on (Anderson et al.,
2008) for Primer v6 (Clarke and Gorley, 2006) to investigate the
relationship between tube density dynamics and a reduced set of
environmental properties. The set of sampled properties was
reduced through pairwise collinearity, only properties with Pear-
son's correlation <0.70 and VIF <3 were kept for further analyses.
The analysis was carried out using the base package in the R sta-
tistical language (R Core Team, 2015) inside the RStudio environ-
ment (Allaire et al., 2015). The ﬁnal set of environmental properties
contained EPS, TOM, mud content, mode grain size, water content,
air temperature, and distance to LWST. In addition, time and dis-
tance to the LWST were included as covariates to assess the role of
temporal and spatial auto-correlations. EPS and TOM content were
fourth-root transformed to correct for skewness prior to modelling.
The models explain each of the environmental variables as a
function of tube density, distance to the LWST, and time. Model
selection was by minimization using the Akaike Information Cri-
terion through the ‘Best’ method (i.e. models using every possible
combination of covariates are evaluated) (Anderson et al., 2008).
Population demographic structure was analysed by detecting
distinct cohorts - i.e. group of individuals originated from a well
outlined recruitment moment (sensu Van Hoey et al., 2006a). Inner
tube diameter (ITD) data was pooled from samples of three
L. conchilega patches in the lower zone (1, 2, and 3 in Fig. 1) and
allocated to 0.5 mm size classes ranging from 0 to 5 mm. The fre-
quency of sizes distributionwas estimated per class using Statistica
5.5 (StatSoft.Inc, 2004), and used for cohort detection in FiSAT II
(Food and Agriculture Organization of the United Nations - FAO,
2005). Detection was done through modal progression analysis
using Bhattacharya's method. It consisted on the decomposition of
tube diameter distributions per date into a sum of modes each
corresponding to a Gaussian distribution (Bhattacharya, 1967).
Cohorts were consolidated using NORMSEP (Pauly and Caddy,
1985) and cohort-speciﬁc growth rates (i.e. rate of change in ITD
in millimetres per day) were estimated as the difference between
the means of ITD between consecutive dates for each cohort.
Secondary production and total biomass were estimated for
2014 as it constituted a full year, and for the whole survey (i.e. 1.5
years). Ten undamaged worms were randomly selected from each
ITD size class from samples of patches 1, 2, and 3 (Fig. 1). Individual
biomass was assessed as wet weight (grams), subsequentlyFig. 2. Relationship between the natural log of Lanice conchilega inner tube diameter
(ITD) and the natural log of individual ash-free dry weight (AFDW).converted to ash-free dry weight (AFDW) using a rate for sessile
Terebellidae according to Brey (2012), and used to build a regression
curve relating individual AFDW and ITD (Buhr, 1976) (Fig. 2). The
regression was used to calculate individual biomass (grams AFDW)
for all measured specimens and monthly averages of individual
biomass per cohort (bt: grams AFDW$m2). Production increments
(Pt) at each time (t) were calculated according to (Brey, 1986) using
monthly tube densities per cohort (nt: ind$m2) and monthly av-
erages of individual biomass per cohort (bt: grams AFDW$m2) (Eq
(1)).
Pt ¼ ððnt1 þ ntÞ=2Þ$ðbt  bt1Þ (1)
Secondary production (grams AFDW$m2$year1) was then
estimated using the increment-summation method (Brey, 1986),
hence the sum of monthly production increments (Pt). Total
biomass was estimated as well, as the sum of monthly cohort
biomass (grams AFDW$m2).
All statistical estimates were performedwith a signiﬁcance level
of p < 0.05.3. Results
3.1. Temporal patterns in tube density and demographic structure
Five cohorts were identiﬁed during the monitoring period (June
2013eNovember 2014) (Fig. 3A). Cohort 1 and 2 were observed at
the start of survey (i.e. June 2013). Cohort 1 was characterized by
large inner tube diameters (average: 3.32 mm; SD: 0.40 mm), low
abundance (725 ind$m2; SD: 780 ind$m2), and was only present
for 3 months. Cohort 2 was present from June 2013 until January
2014 (8 months), growing in size throughout that period from an
average ITD of 1.37 mm (SD: 0.25 mm) to 3.43 mm (SD: 0.55 mm)
(Fig. 3A). Its average density at the start of monitoring was 10 196
ind$m2 (SD: 1557 ind$m2) and subsequently declined until
disappearance (Fig. 3B). Cohort 3 settled during October 2013 with
an average ITD of 1.68 mm (SD: 0.25 mm) and at densities around
3469 ind$m2 (SD: 1798 ind$m2) (Fig. 3). The cohort inhabited the
intertidal zone for 10 months until July 2014 when it was last
recorded with average ITDs of 3.46 mm (SD: 0.37) (Fig. 3A). Cohort
4 was present from April 2014 (30 022 ind$m2; SD: 26 831
ind$m2) until September 2014 (i.e. 6 months) (Fig. 3). Throughout
its existence, cohort 4 grew in ITD from 0.67 mm (SD: 0.25 mm) in
April 2014 to 2.50 mm (SD: 0.65 mm) in September 2014 (Fig. 3A).
Cohort 5 was present from September 2014 (4713 ind$m2; SD:
2337 ind$m2) until November 2014 (Fig. 3). During this period, it
grew in ITD from 1.60mm (SD: 0.28 mm) to 2.19mm (SD: 0.45mm)
(Fig. 3A). Two out of the 5 detected cohorts had their life cycle fully
monitored - cohorts 3 and 4 with life-spans of 10 and 6 months
respectively (Fig. 3). Growth rates for these cohorts ranged from
0.0007 to 0.0357 mm in ITD$day1. The highest growth rates were
observed during August 2013 for cohort 1 (0.0227), November 2013
for cohort 2 (0.0277), April 2014 for cohort 3 (0.0133), September
2014 for cohort 4 (0.0357), and October 2014 for cohort 5 (0.0157).
Overall, the demographic composition of L. conchilega aggregations
during 1.5 years of surveys was dominated by individuals smaller
than 3.00 mm in ITD (average ITD of 2.12 ± 0.79 mm) (Fig. 4).
Total secondary production was estimated at 633.96 g
AFDW$m2 for a period of 1.5 years (i.e. the equivalent of 422.64
AFDW$m2$year1), whereas total biomass amounted to 1340.54 g
AFDW$m2. Annual secondary production for the year 2014 was
466.98 g AFDW$m2$year1 and annual biomass was 759.84 g
AFDW$m2. Total P/B ratio was 0.47, whereas the annual P/B ratio
for 2014 was 0.61. The highest production increment was recorded
in September 2014, when cohort 4 increased its biomass by
Fig. 3. Temporal evolution of detected cohorts located on the intertidal zone of the sandy beach in Boulogne-s/m (France, Noord-Pas-Des-Calais). A: temporal evolution of tube
diameter per cohort. B: temporal evolution of estimated reef density per cohort. Data is displayed as Mean ± SD.
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from 1.43 mm in August to 2.50 mm in September, while estimated
cohort density decreased from approximately 5593 ind$m2 to 47
ind$m2. In addition, among the two complete cohorts, cohort 4
had the highest P/B ratio (i.e. 1.11 vs. 0.39 estimated for cohort 3).3.2. Demographic structure and its consequences to ecosystem
engineering
Tube density pooled from both intertidal areas ﬂuctuated
around 3887 ind$m2 (SE: 246 ind$m2) during the study (June
2013eNovember 2014). The lowest values were recorded in ag-
gregations at the higher zone between December 2013 and
February 2014 (Fig. 5A). Tube density was below 100 ind$m2
(average: 73 ind$m2; SE: 15 ind$m2) during that period which is
considered low for L. conchilega (e.g. Passarelli et al., 2012; Rabaut
et al., 2009). The highest densities were observed at the lower
zone in April 2014 (27 250 ind$m2; SE: 5584 ind$m2), May 2014
(18 025 ind$m2; SE: 1911 ind$m2), and June 2014 (12 503
ind$m2; SE: 669 ind$m2) (Fig. 5A). Overall, aggregations in the
lower zone presented higher mean density (4528 ind$m2, SE: 240
ind$m2, excl. April 2014 as data for the higher intertidal zone was
lacking for that month; see material and methods) (Fig. 5A) than
those in the higher zone (1911 ind$m2, SE: 160 ind$m2).
Wilcoxon signed-rank tests with Bonferroni adjusted p-values
revealed signiﬁcant ﬂuctuations in EPS, TOM, mud and water
content, but not tube density normode grain size (Fig. 5). EPS, TOM,
mud and water content peaked during May 2014 (Fig. 5BeD, F),
whereas mode grain size showed no discernible maximum
(Fig. 5E). Furthermore, aggregations closest to the LWST presentedhigher surﬁcial sediment concentrations of chl-a, EPS, total organic
matter, mud and water content as well as lower median and mode
grain sizes and higher sorting index in comparison to the furthest
aggregations (Table 1).
DistLMs investigating the effects of tube density, LWST, and time
on the reduced set of environmental properties revealed that patch
density and distance to the LWST mark signiﬁcantly affected all of
the evaluated environmental properties (Table 2). Furthermore,
model selection results show that tube density signiﬁcantly
contributed to the temporal ﬂuctuations of EPS, TOM, mud content,
and water content, but not mode grain size (Table 3).
4. Discussion
The present study investigated the autogenic engineering of
marine soft-sediments by intertidal Lanice conchilega aggregations
through time.We assessed (1) the temporal evolution of population
demographic structure and secondary production, as well as (2) the
effect of varying tube density and size on sediment properties. Our
ﬁndings corroborate previous research, showing that the outcome
of autogenic engineering in-situ is substantially affected by
changing tube density as well as tube size, two consequences of the
temporal evolution of population structure within aggregations.
4.1. Temporal patterns in population density and demographic
structure
Five cohorts emerging at various moments of the year were
detected in this study. Cohort 1 was less abundant than the other
detected cohorts and was characterized by large individuals
Fig. 4. Size frequency distribution change of the L. conchilega populations in the intertidal zone of the sandy beach in Boulogne-sur-mer (France) between June 2013 and November
2014.
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of the survey. Cohort 2 was more abundant and had much smaller
average ITDs during June 2013 in comparison to cohort 1 indicating
that this cohort recruited later, most likely during the spring pre-
ceding the start of the survey (i.e. AprileMay 2013). Moreover, the
cohort data enabled the identiﬁcation of two annual recruitment
periods at Boulogne: one at spring (April 2014), and one in autumn
(October 2013 and September 2014).
The spring recruitment was characterized by high abundance
(average: 30 022 ind$m-2) of small individuals (average ITD:0.67 mm) in extensive and dense reef-like tube aggregations. It was
likely a result of the settlement of cohort 4 during April 2014. The
autumn recruitment was related to cohorts 3 and 5, which settled
during October 2013 and September 2014 respectively. It was
characterized by less abundant, larger individuals with the average
inner tube diameter approximately 3 times larger than that of the
spring recruits (i.e. cohort 4) at the time of settlement and tube
densities approximately 7.5 times lower. The occurrence of multiple
recruitments per year is common amongst some species of benthic
invertebrates e e.g.mussels (Frantzen, 2007), barnacles (Cruz et al.,
Fig. 5. Temporal evolution of tube density (A) surﬁcial EPS (B), TOM (C), mud content (D), mode grain size (E), water content (F), air temperature (G), and net primary production in
the water column (H) at Boulogne (France). * signiﬁcant change in dynamics from previous date detected by the Wilcoxon signed-rank tests with Bonferroni adjusted p-values
comparing consecutive dates. Data is displayed as Mean ± SE.
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differ between these two periods due a combination of effects
associated to their residence time in the water column (Bhaud,
2000). During our study, pelagic food availability was less abun-
dant during autumn (see NPP), thus we hypothesize that low food
availability and starvation during autumn may have limited the
abundance of pelagic individuals (Kessler, 1963), resulting in a less
dense recruitment than that observed in spring. The presence of
two recruitment events per year is in accordance with previous
research showing L. conchilega recruitment during spring, summer,
and autumn in various locations (e.g. Buhr and Winter 1976;Callaway, 2003; Ropert and Dauvin, 2000; Smith, 1989; Strasser
and Pieloth, 2001; Van Hoey et al., 2006a).
The demographic composition of the studied aggregations was
largely dominated by small-medium individuals. Animals larger
than 3.0 mm in ITD - the recorded size for adult stages of
L. conchilega (Van Hoey et al., 2006a) - were present in very low
densities for much of the survey period, leading to questions as to
how the population is sustained through time. It is possible that
recruits at the intertidal zone originated from subtidal and/or
offshore populations (Ropert and Dauvin, 2000) since L. conchilega
larvae can last up to 2 months in the water column (Kessler, 1963)
Table 1
Mean and standard error for the environmental data per location.
Environmental Variables Lower Zone Higher Zone
Mean St. Error Mean St. Error
Distance to the LWST 59.74 ± 0.78 111.48 ± 1.00
Chl-a (mg$g1) 3.66 ± 0.67 1.47 ± 0.16
EPS (mg$mg1) 1.02e-4 ± 1.68e-5 3.91e-5 ± 3.14e-6
TOM (%) 1.23 ± 0.12 0.71 ± 0.05
Mud Content (%) 3.44 ± 0.55 0.51 ± 0.14
Median GS (mm) 216.96 ± 1.66 228.11 ± 1.13
Mode GS (mm) 220.32 ± 1.06 226.77 ± 1.00
Sorting Index 118.88 ± 3.56 105.46 ± 2.13
Water content 39.50 ± 3.00 27.74 ± 0.88
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2006a). Alternatively, it is possible that these tube worms reach
sexual maturity at smaller body sizes than estimated by previous
research, successfully supplying new recruits to the intertidal
population. The identiﬁcation of the adult stage of L. conchilega has
been traditionally based on measurements of inner tube or animal
diameter with the threshold between juvenile and adult ranging
from 1.5 mm to 3.0 mm throughout scientiﬁc literature (e.g. Buhr
and Winter 1976; Callaway, 2003; Ropert and Dauvin, 2000;
Strasser and Pieloth, 2001; Van Hoey et al., 2006a; Zühlke, 2001).
However, there is no evidence of a relationship between sexual
maturity and animal body size. The status of gametogenesis in
L. conchilega is driven mainly by seasonality (Kessler, 1963) as is the
case with most seasonally reproducing polychaetes (Smart, 2008).
In order to determine the level of sexual maturity of individuals in
Boulogne further study on the development of their sexual organs
and its relationship to seasonal variation is required. Furthermore,
the recorded cohort life-spans (i.e.10 and 6 months respectively for
cohorts 3 and 4) were noticeably short in comparison to that found
by previous research (i.e. 1e3 years) (Beukema et al., 1978; Ropert
and Dauvin, 2000; Van Hoey et al., 2006a).
Total production is expected to be lower for intertidal poly-
chaete populations than for subtidal ones where patches have
higher food availability and longer feeding times. Nevertheless P/B
ratios from this study (0.47e0.61) were in accordance with previ-
ous estimations for subtidal Lanice conchilega populations in the
Belgian Part of the North Sea BPNS (0.29e0.55) (Van Hoey et al.,
2006a) and the Bay of Veys (0.23e0.80) (Ropert, 1999). Total sec-
ondary production at Boulogne was approximately ten timesTable 2
Marginal results of DistLM selection for models explaining the temporal ﬂuctuations of en
to the LWST.
Environmental Properties Density
pseudo-F p-value
EPS 356.97 0.000
TOM 180.61 0.000
Mud content 155.43 0.000
Mode GS 5.69 0.017
Water content 89.67 0.000
Table 3
Overall best solutions from distance-based model selection per environmental property.
Environmental Properties AIC R2
EPS 1679 0.66086
TOM 892.8 0.52615
Mud content 237.14 0.46138
Mode GS 901.54 0.075569
Water content 578.83 0.33687higher than that observed for subtidal aggregations in the (BPNS)
(i.e. 633.96 g AFDW$m2$1.5 years1 versus 10.3e64.8 g
AFDW$m2$1.5 years1; (Van Hoey et al., 2006a). Total biomass was
also larger than the recorded at the BPNS by approximately one
order of magnitude. Aggregations at Boulogne amounted to
759.84 g AFDW$m2, whereas aggregations at the BPNS range from
13.54 to 85.59 g AFDW$m2 (Van Hoey et al., 2006a). In addition,
annual secondary production of the Boulogne population was
approximately double of that recorded for subtidal aggregations at
the Bay of Veys (France) - 466.98 g AFDW$m2$year1 versus
60.05e248.40 g AFDW$m2$year1 (converted from Ropert, 1999;
using sessile Terebellidae rates from Brey, 2012).
Differences in growth rates were also found between our study
and previous research. Growth rates at Boulogne
(0.0007e0.0357 mm$day1) were more variable than the observed
for intertidal populations at the Bay of Veys
(0.0039e0.0053 mm$day1) (Ropert and Dauvin, 2000). These
differences, as well as discrepancies in total secondary production,
are commonly attributed to variation in food type and availability
between locations that are related to seasonal patterns (e.g. Marsh
et al., 1989; Qian, 1994; Taghon and Greene, 1990). In our study the
highest growth rates do not concur with peaks in food availability
in neither the sediment surface nor the water column. The highest
growth rates were observed 7 months following recruitment for
cohorts 3 and 4, suggesting that that food availability is not the sole
driver of variation in growth rates. Rather, the observed growth
rates were likely related to the developmental stage of L. conchilega
as the highest cohort-speciﬁc growth rates were observed at later
stages of development. This is in accordancewith previous research
detecting the highest growth rates for juveniles maturing into the
adult population and thus at further stages of development than
recently settled individuals (i.e. Ropert and Dauvin, 2000; Van Hoey
et al., 2006a). Finally the temporal evolution of cohort 4 suggests
that the high secondary production is maintained by the relatively
few juveniles that survive the months following recruitment. This
seems to be characteristic of L. conchilega populations and has been
observed in the English Channel (Ropert and Dauvin, 2000), the
BPNS (Van Hoey et al., 2006a), and the German Bight (Callaway,
2003; Zühlke, 2001).
4.2. Lanice conchilega demographic structure and its consequences
to ecosystem engineering
The ecosystem engineering effects of Lanice conchilega on thevironmental properties as a function of L. conchilega tube density, time, and distance
Distance to LWST Time
pseudo-F p-value pseudo-F p-value
14.18 0.000 0.30 0.587
25.00 0.000 2.11 0.151
19.45 0.000 0.12 0.734
12.82 0.000 2.55 0.108
17.88 0.000 0.474 0.505
Variables: 1. Tube density; 2. Distance to the LWST; 3. Time.
RSS No. Variables Selected Variables
0.028167 2 1, 3
1.7092 3 All
53.48 2 1, 2
20763 2 2, 3
8.938 2 1, 2
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(Borsje et al., 2014; Eckman et al., 1981). Autogenic effects such as
particle entrapment (Passarelli et al., 2012) and ﬂow attenuation
(Borsje et al., 2014) are positively associated to tube density, as well
as patch area and height. These affect total organic matter content
at the sediment surface and ﬁner fractions of the sediment (i.e.mud
content) (e.g. De Smet et al., 2015; Passarelli et al., 2012; Rabaut
et al., 2007). In addition, the changes induced by polychaete ag-
gregations inﬂuence surﬁcial microalgae, modulating chlorophyll-a
and EPS content at the benthic-boundary layer (Passarelli et al.,
2012). Our results revealed that tube density signiﬁcantly affected
the temporal variations of EPS, TOM, andmud content, whereas the
temporal ﬂuctuation of tube density was signiﬁcantly affected by
distance to the LWST. The latter represents several coastal gradients
- e.g. food availability, wetness/dryness and exposure to wave ac-
tion (Kaiser et al., 2005). Consequently, our ﬁndings show that
coastal gradients can impact local environmental properties indi-
rectly by modulating the temporal evolution of tube density. This
results in distinct environmental properties for aggregations at
different distances to the LWST. Indeed, aggregations in the lowest
zone were among the most dense during the survey and contained
higher concentrations of surﬁcial chl-a, EPS, total organic matter,
and mud content than aggregations at the higher zone.
The spring recruitment during April 2014 in aggregations closest
to the LWST was followed by concurrent peaks in EPS, TOM, mud
and water content. These are likely consequences of autogenic
engineering by L. conchilega (Borsje et al., 2014; Passarelli et al.,
2012). Following this period, tube density declined probably due
to mass mortality as a consequence of competition for space and/or
food between recently settled juveniles (Eckman, 1996) and/or
predation by marine fauna such as birds (De Smet et al., 2013) and
ﬁsh (Amara et al., 2001). This is not uncommon and has also been
recorded for populations along the northern French coast (Ropert
and Dauvin, 2000) and the southern English coast (Callaway,
2003). The decline in tube density was followed by decreases in
EPS, TOM, mud and water content. It is possible that as tube ag-
gregations became sparser, they caused less deceleration of water
ﬂow at the benthic-boundary layer, resulting in relatively less
sedimentation of ﬁne particles (Borsje et al., 2014), as well as lower
EPS and TOM content (Passarelli et al., 2012). Thus, decreases in
median/mode grain size and organic enrichment of the sediment
bed associated with L. conchilega aggregations seems particularly
pronounced during spring recruitment with tube densities of
approximately 30 000 inds m2. It seems likely that high densities
of species typically associated with the engineering effects of
L. conchilega during the late spring-summer recruitment (De Smet
et al., 2015) can contribute to the destabilisation of the sediment
bed via burrowing and grazing activities (e.g. Volkenborn et al.,
2008), thus impacting erosion/deposition processes (Gutierrez
et al., 2011).
The lowest tube densities were observed during winter months
which were characterized by low air temperatures, surﬁcial EPS,
and TOM. Declines in tube density following winter periods are
common (e.g. Beukema, 1992; Günther and Niesel, 1999s; Strasser
and Pieloth, 2001), suggesting a high susceptibility to lower tem-
peratures. This may be related to seasonal decreases in primary
producers, both in the water column and the sediment surface, that
supply the short- and long-term energy storages for the species
(Braeckman et al., 2012). In the present study, we observed lower
concentrations of EPS and TOM at the sediment surface, as well as
lower net primary production in the water column during the
winter period of 2013e2014. This suggests that scarce food sources
during winter can be responsible for mass mortality through star-
vation. Remarkably, several of the aggregations farthest from the
sea (i.e. from the low water spring tide, LWST) disappeared duringwinter (i.e. 0 ind$m2), likely due to the harsher environmental
conditions in comparison to conditions closer to the LWST. Hence
patch persistence can be threatened for population consisting of
cohorts with short life-spans if animals do not survive until the
next moment of reproduction. Although periods of mass mortality
were detected during winter, the population at Boulogne seems
able to sustain its temporal presence either through reproduction
of the surviving fraction of the population and/or via the supply of
new recruits from subtidal and/or offshore populations that are
more stable (Ropert and Dauvin, 2000). As pointed out by Dittmann
(1999), the long-term population dynamics of L. conchilega may be
determined by conditions during winter and the availability of new
recruits. Thus further work should attempt to discover the source of
L. conchilega recruits for Boulogne, and more importantly, the level
of connectivity between L. conchilega populations in the North Sea
to clarify short- and long-term population dynamics.
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